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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ INTRODUCTION 37 38 The understanding of acoustics has developed over many decades, both in terms of the 39 theoretical development, as well as the experimental analysis. This has led to many 40 applications of acoustics, ranging from sensitive listening devices to destructive medical 41 devices. 42
43
The transmission of sound through water has been the topic of significant study, providing 44 descriptions of the variation of acoustic velocity in water with respect to factors such as 45 temperature, pressure and salinity [1] [2] [3] [4] . Experimental analysis of water based and 46 underwater acoustics relies upon the use of traditional piezoelectric based transducers, 47 commonly known as hydrophones. These are typically point source/receiver devices which 48 provide excellent two-dimensional temporal resolution but poor spatial resolution. In order to 49 generate three-dimensional maps of acoustic pressure, and to "visualise" acoustic wavefronts, 50 it is necessary to scan a single hydrophone through the acoustic volume, or construct arrays of 51 hydrophones (whose resolution is a function of the number of transducers in the array and 52 their spacing) An example of a hydrophone array used for calibration purposes is described by 53
Preston [5] . The dimensions of the hydrophones used are typically specified with respect to 54 the wavelength of the acoustic signals being analysed. Despite their prevalence, data from 55 transducer arrays cannot be considered ideal due to the potential perturbation caused by the 56 physical presence of the transducers and their supporting structure. 57
58
The desire to understand acoustic wavefronts and their interaction with objects has motivated 59 acousticians for many years. To be able to routinely visualise acoustic interactions would 60 enhance the acoustic designer's ability to optimise both the performance of acoustic sources 61 acoustic energy, thus providing a direct measure of acoustic energy [24, 25] utilising the 111 refractive index of the media varying with changes in acoustic pressure. This work 112 compares well with other research [26] , demonstrating that a LDV transducer can be passed 113 through the acoustic field generated by a piezoelectric transducer and produce temporal 114 signals that correlate well with traditional hydrophone measurements. Furthermore, by 115 scanning the laser through the acoustic field, it has been demonstrated that two-dimensional 116 images of acoustic waves and fields can be mapped and identified [27, 28] . Aspects of this 117 work have been taken further by other researchers with analysis of external error contributions 118
[29], comparison with radiation force balances [30] , further analysis of LDV as a new primary 119 standard for underwater acoustics [31] , and comparison with wholefield optical metrology 120 techniques [32] . 121
122
The purpose of this paper is to report initial quantitative results from the novel application of 123 scanning LDV to the study of acoustic energy reflected and diffracted by objects placed 124 within an underwater acoustic field. Objects of different sizes and structure with respect to 125 the wavelength of the acoustic source have been used to illustrate a range of acoustic 126 phenomena, specifically being visualised and measured in real-time by the LDV technique. 127
Laser Doppler Vibrometry 128 129
Laser Doppler Vibrometry (LDV), sometimes known as velocimetry, is a well-established 130 tool used primarily to record velocity measurements from the scattering elements of solid 131 surface targets [33] . The principle of operation and the equipment used in LDV 132 experimentation is intrinsically the same as that of LDA, the major difference being the use of 133 the two beams between which the frequency difference is observed. In LDV ( shown in 134 Figure 1 ), the two beams created from the laser source by beam splitter (BS1) are diverted 135 such that only one is used to illuminate the target. The other 'reference' beam follows a path 136 through a homogeneous medium usually sufficiently long enough to compensate for any 137 coherence length discrepancy before being recombined with the target beam (at BS3). 138
Standard commercially available LDV equipment, detects the frequency shift in back 139 scattered light from the target. The geometry used is based on that of the Michelson 140 interferometer and is typical of that originally proposed in literature [34] . 141
142
Since the frequency of the returning light is too high to be measured directly by any opto-143 electric detector, it is mixed with the reference beam to create a measurable heterodyne 144 frequency (BS3). Signals generated in this way are directionally ambiguous due to the 145 heterodyne frequency representing the difference in frequency between the two beams. trigger signal from the acoustic source, the scanning transducer is able to provide a referenced 176
The development of the acousto-optic theory has had to take into account several factors 180 which complicate the analysis of a scanning transducer compared to the single line analysis of 181 the simplified case shown in Equation 1. For the purposes of the mathematical explanation it 182 is assumed that the field generated by the plane-piston acoustic source is perfectly collimated, 183
although it is recognized that in reality this is highly unlikely. Consequently, the analysis 184 needs to take into account when the laser beam is incident with arbitrary angles (polar angle φ predominantly two dimensional objects with a very large aspect ratio. By aligning these 302 objects parallel to the laser beam -perpendicular to the acoustic axis, the predominant 303 acoustic scattering was found to be in the direction perpendicular to the laser beam, thus 304 maximizing the measured effect. Furthermore, whilst these objects were not defined as being 305 infinite, their length dimension exceeded the width of the acoustic field meaning that the 306 acoustic energy was only incident on the curved surfaces of each object. 307 308 A collimated planar acoustic tone burst was produced using a Met-Optic Plane piston source 309 transducer operating at 180 kHz with a tone burst duration of 5 or 10 complete cycles. The 310 transducer to object distance was 100 mm, and with an average water temperature of 16.5 ºC, 311 the acoustic wavelength was calculated to be 8. 
